Kru¨ppel-like factor 4 (KLF4) is a zinc-finger-containing transcription factor, the expression of which is enriched in the postmitotic cells of the intestinal epithelium. KLF4 is a target gene of the tumor suppressor adenomatous polyposis coli (APC). We sought to determine the role of KLF4 in suppressing the tumorigenecity of RKO colon cancer cells, which do not express KLF4. We utilized an established system in RKO cells, in which an inducible promoter controls expression of KLF4. Four independent assays were used to assess the effects of KLF4 induction on tumor cells. We find that KLF4 overexpression reduces colony formation, cell migration and invasion, and in vivo tumorigenecity. The mechanism of action of KLF4 does not involve apoptosis. These findings, along with our previous findings that KLF4 induces G1/S arrest, suggest that KLF4 is a cell cycle checkpoint protein that can reduce tumorigenecity of colon cancer cells.
Kru¨ppel-like factor 4 (KLF4; formerly known as gutenriched Kru¨ppel-like factor or GKLF) is a transcription factor with three carboxyl C 2 H 2 zinc-fingers that exhibit homology to the Drosophila melanogaster segmentation gene product Kru¨ppel (Shields et al., 1996) . Since KLF4 was first described in 1996, there have been a variety of reports on its tissue distributions and functions. Expression of KLF4 appears to be enhanced primarily in the postreplicative epithelial cells of the intestine, skin, and thymus (Shields et al., 1996) . Consistent with its tissue distribution, KLF4 has been shown to be imperative for terminal differentiation of keratinocytes of the skin (Segre et al., 1999) and goblet cells of the intestines (Katz et al., 2002) . In the thymus, KLF4 is expressed during cortical differentiation suggesting a role in T-lymphocyte differentiation (Panigada et al., 1999) . KLF4 is also highly expressed in the testes, specifically in the postmeiotic germ cells and somatic Sertoli cells, suggesting an important role in testicular differentiation (Behr and Kaestner, 2002) . Finally, KLF4 is expressed in vascular endothelial cells (Yet et al., 1998) , and may function to inhibit TGF-bmediated differentiation of vascular smooth muscle cells (Adam et al., 2000) .
Depending on cell type, KLF4 expression has been reported to be associated with both inhibition and induction of proliferation. In NIH 3T3 fibroblasts, increased KLF4 expression is associated with conditions that cause growth arrest such as serum deprivation or contact inhibition (Shields et al., 1996) . Forced expression of KLF4 by transfection in the same cell line inhibits DNA synthesis. In mouse embryonic fibroblasts, KLF4 interacts with the tumor suppressor p53 and induces the cyclin-dependent kinase inhibitor p21 (Zhang et al., 2000) . KLF4 expression is decreased in early intestinal adenomas, colonic adenomas, and colonic adenocarcinomas of mice and patients with hereditary and sporadic tumors, suggesting that decreased KLF4 expression may contribute to tumorigenesis Shie et al., 2000b) . Indeed, the tumor suppressor adenomatous polyposis coli (APC) regulates KLF4 via induction of CDX2 . CDX2 is a homeobox gene specifically expressed in the intestine, and is important for regulation of intestinal epithelial cell development and maintenance (Suh and Traber, 1996) . In HT29 and RKO colon cancer cells, overexpression of KLF4 leads to repression of cyclin D1 (Shie et al., 2000a; Chen et al., 2001) . In addition, KLF4 overexpression in RKO cells induces p21 (Chen et al., 2001) . The mechanism by which KLF4 inhibits growth in colon cancer cells remains unclear. While studies in HT29 colon cancer cells reveal that KLF4 causes both G1/S arrest and apoptosis (Chen et al., 2000; Shie et al., 2000b) , studies in RKO and HCT116 colon cancer cells show evidence of only G1/S arrest (Chen et al., 2001; Yoon et al., 2003) . In the prostate, KLF4 expression is decreased in prostate cancer and benign prostate hypertrophy (Foster et al., 2000; Luo et al., 2002) . KLF4 is also expressed in the esophageal squamous epithelium, where it activates the promoters of several differentiation genes: Epstein-Barr virus ED-L2, keratin 4, and keratin 19 (Jenkins et al., 1998; Brembeck and Rustgi, 2000) . In vascular smooth muscle cells, KLF4 inhibits proliferation of redoxsensitive growth and induces p21, p27, p53, and retinoblastoma (Rb) (Nickenig et al., 2002) . Contrary to these studies, all of which show a growth-inhibitory effect, KLF4 has transforming activity in RK3E primary rat kidney cells (Foster et al., 1999) . In the same vein, KLF4 expression is increased in primary breast ductal carcinoma and oral squamous cancers, while KLF4 overexpression inhibits integrin expression and induces the tumor marker clusterin, both changes that enhance tumor progression and metastasis (Foster et al., 2000) . It is unclear whether somatic mutations of KLF4 may contribute to the tumor phenotype in the last two studies.
To better understand the role of KLF4 in colorectal cancer, we developed an inducible system for KLF4 in the human colon cancer cell line RKO (Chen et al., 2001) . RKO is a poorly differentiated colorectal cancer cell line that expresses wild-type APC, b-catenin, and p53. RKO cells, derived from sporadic tumors exhibiting microsatellite instability (Liu et al., 1995) , are deficient in hMLH1 because of hypermethylation of the gene promoter region (Veigl et al., 1998) . More recently, RKO cells have been found to have a mutated allele of CDX2 (da Costa et al., 1999) and undetectable levels of KLF4 .
Our inducible system consists of RKO-EcR and RKO-EcR-KLF4 cell lines. The cell line RKO-EcR was generated by stably transfecting RKO cells with the pVgRXR plasmid (Invitrogen, Carlsbad, CA, USA), as previously described (Chen et al., 2001) . The pVgRXR plasmid contains the Zeocin resistance gene and constitutively expresses a modified D. melanogaster ecdysone receptor (EcR) and the human retinoid X receptor (RXR). Upon addition of the insect hormone ecdysone (Ponasterone A), EcR and RXR heterodimerize to form a functional ecdysone receptor that transactivates the ecdysone-inducible promoter (EcRE). The RKO-EcR human colon cancer cell line does not harbor the EcRE insect promoter. Thus, addition of Ponasterone A to RKO-EcR cells will facilitate heterodimerization without subsequent gene induction . The cell line RKO-EcR-KLF4 was generated by stably transfecting RKO-EcR cells with the pAdLoxEGI-KLF4 plasmid, as previously described (Chen et al., 2001) . The pAdLoxEGI-KLF4 plasmid contains the EcRE linked to an expression cassette containing the enhanced green fluorescence protein Anchorage-independent colony formation. For each cell type (RKOEcR-KLF4 or RKO-EcR), the colony formation rate was calculated by dividing the number of spherical colonies in each Ponasterone Atreated well (induced condition) by the number of colonies in the corresponding ethanol-treated well (uninduced condition), and multiplied by 100. Treatment of RKO-EcR-KLF4 cells with 5 mm Ponasterone A results in overexpression of KLF4 (Chen et al., 2001) . Two-tailed Student's t-test was used to determine whether the differences in rates of colony formation between the two different cell types, RKO-EcR-KLF4 versus RKO-EcR were statistically significant. Each value is the average of three triplicate dishes, *Po0.0001. RKOEcR-KLF4 and RKO-EcR cells were treated with either 5 mm Ponasterone A or equal volume of ethanol (the vehicle in which Ponasterone A is suspended), suspended in 0.33% agar in complete growth medium, and plated on six-well plates layered with 0.5% agar in complete growth medium at a concentration of 2.0 Â 10 4 cells/well. Cells were allowed to grow for 2 weeks and spherical colonies counted. Complete growth medium consisted of Dubelco's minimal essential media (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml of streptomycin, and 150 mg/ml Zeocin (Invitrogen). Ponasterone A was obtained from Invitrogen as a powder and resuspended as per the manufacturer's directions in 100% ethanol. (b) Colony suppression assays with different KLF4 residues. RKO cells were cotransfected (50 : 1) with 980 ng/six-well dish of PMT3, PMT3-KLF4 (full-length KLF4), , which contains the C-terminal nuclear localizing signal and three zinc-fingers, or PMT3-KLF4 (1-401), which contains the N-terminal region including the nuclear localization signal but excluding the zinc-fingers and 20 ng/sixwell dish of pBabe Puro as previously described . 2 days following transfection, cells were fed complete media containing 0.75 mg/ml puromycin (Sigma, St Louis, MO, USA) for 2 weeks. Resistant colonies of cells were stained with 0.1% crystal violet and counted using Scion image software for Windows (www.scioncorp.-com). Each value represents the mean number of colonies for six wells. **Po0.01 by two-tailed Student's t-test between PMT3-and PMT3-KLF4-transfected cells. All transfections were performed using the Lipofectamine reagent protocol (Invitrogen) on 10-15% confluent RKO cells " Overexpression of KLF4 reduces tumorigenecity DT Dang et al (EGFP), followed by an internal ribosome entry site and the full-length coding region of KLF4 cDNA. Thus, addition of Ponasterone A to RKO-EcR-KLF4 cells induces heterodimerization of EcR and RXR, which bind and transactivate EcRE to induce EGFP and KLF4 gene expression.
We deduced that RKO-EcR-KLF4 cells would provide a background in which we can test the role of KLF4 in tumors, independent of aberrant APC or bcatenin signaling. We find that overexpression of KLF4 inhibits colony formation, migration, and invasion in vitro. In vivo, KLF4 overexpression has pronounced effects on tumorigenecity when grown as xenografts in athymic nude mice. To address the mechanisms by which KLF4 inhibits growth, we test for the evidence of apoptosis in RKO cells induced for KLF4 and find that overexpression of KLF4 does not induce apoptosis.
KLF4 overexpression decreases colony formation, migration, and invasion
To investigate the role of KLF4 in the tumor phenotype of RKO cells, we overexpressed KLF4 in RKO cells and tested in vitro tumor properties such as colony formation, migration, and invasion. Overexpression of KLF4 reduces colony formation in an anchorage-independent environment. Figure 1a shows the rate of colony formation in RKO-EcR-KLF4 cells induced for KLF4 overexpression to be 2079% of uninduced cells. In contrast, RKO-EcR cells do not exhibit any difference in colony formation when induced; thus the rate of colony formation in RKO-EcR cells is 100713%. When we compare the differences in colony formation rates between RKO-EcR-KLF4 and RKO-EcR cells, they are significant (Po0.0001). Thus, KLF4 induction decreases anchorage independent colony formation by approximately 80%.
To address whether the effects seen are indeed secondary to overexpression of KLF4, we performed colony suppression assays in RKO cells stably cotransfected with pBabe Puromycin and either full-length or the carboxyl or amino terminal portions of KLF4. Figure 1b shows that full-length KLF4 significantly suppresses colony formation by at least 50%, when compared to control plasmid (Po0.01). The C-and the N-terminal portions of KLF4 do not significantly mediate growth suppression.
Another property of tumors is their ability to migrate and invade. To investigate the effect of KLF4 on migration, we induced KLF4 overexpression and performed migration assays. Figure 2a shows that after 6 h, the number of KLF4-induced RKO-EcR-KLF4 cells that have migrated across a transwell filter is 20711% of uninduced cells. In contrast, the number of induced RKO-EcR cells that migrate across the filter is 94715% of uninduced cells. The 80% difference in migration rates between RKO-EcR-KLF4 and RKOEcR cells is significant (Po0.0001). Similarly, KLF4 overexpression significantly inhibits the rates of cell invasion. Figure 2b shows that 8672.3% of RKO-EcR-KLF4 cells induced for KLF4 for 6 h invade through a Effect of KLF4 induction on cell migration and invasion. For each cell type, RKO-EcR-KLF4 or RKO-EcR, cell migration and invasion rates were calculated by dividing the number of migrating or invading cells in the induced condition by the number in the corresponding uninduced condition, and multiplied by 100. KLF4 is induced only in RKO-EcR-KLF4 cells treated with Ponasterone A. Means and standard deviations of cell migration and invasion rates were calculated and plotted. Twotailed Student's t-test was used to determine whether the differences in rates of migration or invasion between the two different cell types, RKO-EcR-KLF4 versus RKO-EcR, were statistically significant. All migration and invasion assays were performed in triplicate wells and repeated twice. *Po0.0001, **Po0.01. (a) Cell migration was assayed in six-well plates with an 8.0 mm pore size polycarbonate membrane (Transwell, Costar, Cambridge, MA, USA) as previously described (Pouliot et al., 2001) . Briefly, the membranes were rinsed twice with phosphate-buffered saline (PBS) and allowed to equilibrate in DMEM over 24 h. Thereafter, the lower chamber was filled with 2.6 ml of complete media (DMEM, antibiotics, and 10% FBS). The upper chamber was filled with 1.5 ml of serum-free medium and 1.0 Â 10 5 RKO-EcR or RKOEcR-KLF4 cells treated with either 5 mm Ponasterone A or equal volume of ethanol. The plates were incubated at 371C. After 6 h, cells in the culture medium from the lower chamber were collected and strongly adherent cells on the underside of the membrane and bottom of the lower chamber were detached with trypsin and pooled. The cells were pelleted and the number of migrated cells counted on a hemocytometer. To assess for cell proliferation, the cells on the upper chamber were detached with trypsin and counted on a hemocytometer. The total number of cells at the end of 6 h was roughly equivocal to the number plated. (b) Tumor cell invasion was assayed using six-well plates with an 8.0 mm pore size polycarbonate membrane coated with Matrigel Matrix (BD Biosciences, Chicago, IL, USA) as previously described (Rozic et al., 2001) . Briefly, the lower chamber was filled with 2.6 ml of complete media (DMEM, antibiotics, and 10% FBS). The upper chamber was filled with 1.5 ml of serum-free medium and 1 Â 10 5 RKO-EcR or RKO-EcR-KLF4 cells treated with either 5 mm Ponasterone A or equal volume of ethanol. The plates were incubated at 371C. After 6 h, cells remaining on the upper surface of the membrane were removed with a cotton swab. The membranes were then fixed and stained with the Diff Quik staining kit (Dade AG, Dudingen, Switzerland). Membranes were removed from transwells, mounted on glass slides, and cells counted under a light microscope (an average of five random nonoverlapping fields at 400 Â magnification) matrigel-coated filter compared to similar uninduced cells. This rate is significantly less than the rate of invasion for RKO-EcR cells (10074.5%, Po0.01).
These findings indicate that full-length KLF4 potently inhibits colony formation, migration, and invasion in RKO colon cancer cells in vitro. Of note, we find that in vitro colony suppression by KLF4 is diminished after 6 weeks of induction, as are migration and invasion after 24 h of induction (data not shown). These findings are associated with decreased EGFP expression and may reflect overgrowth of untransfected cells (Chen et al., 2001) . To control for this, all studies are performed with the same passage of cells.
KLF4 overexpression decreases in vivo tumor formation
To investigate the role of KLF4 on in vivo tumor growth, we implanted athymic nude mice with RKOEcR-KLF4 cells on the right flank, RKO-EcR cells on the left flank, and treated the mice with intraperitoneal Ponasterone A or placebo over the next 3 weeks. Figure 3a shows that 3 weeks after tumor implantation, tumor volumes are smaller in tumors overexpressing KLF4 (RKO-EcR-KLF4+PA) when compared to the other three control-treated tumors (mean volumes of 0.35 cm 3 compared to 0.8-1.07 cm 3 ). The differences were significant between RKO-EcR-KLF4 and RKOEcR tumors from mice treated with Ponasterone A (Po0.05).
To assess whether tumor xenografts still express the plasmid containing EGFP and KLF4 after 3 weeks, we examined RKO-EcR-KLF4 and RKO-EcR tumor explants from animals treated with Ponasterone A. The other three conditions are negative controls. 1.0 Â 10 6 RKO-EcR and RKO-EcR-KLF4 cells were harvested, treated accordingly with 5 mm PA or ETOH, and inoculated subcutaneously in the flanks of 6-week-old female athymic nu/nu mice (Charles River Labs, Wilmington, MA, USA). Each mouse served as its own control, since RKO-EcR cells were injected on the left flank and RKO-EcR-KLF4 cells on the right flank. Mice were subsequently treated twice per week with intraperitoneal injections of either 5.0 mg PA dissolved in DMSO and mixed with 100-150 ml of sesame oil or equal volume of DMSO mixed with sesame oil as previously reported . Tumor sizes in two dimensions were measured weekly, and volumes were calculated with the formula (L Â W 2 ) Â 0.5, where L is the length and W is the width. At the end of 3 weeks, mice were euthanized (because of tumor burden) and the tumor xenografts harvested for imaging. Mice were housed in barrier environments, with food and water provided ad libitum as approved by the Johns Hopkins Animal Care and Use Committee. Means and standard deviations of tumor volumes were calculated and plotted. Two-tailed Student's t-test was used to determine statistical significance between groups. *Po0.05 between RKO-EcR-KLF4 (-E-) and RKO-EcR (-m-) 
KLF4 overexpression does not induce apoptosis
To further investigate the mechanism by which KLF4 inhibited growth, we studied the effects of KLF4 overexpression on the cell cycle and apoptosis. FACS analyses of induced RKO-EcR-KLF4 cells confirm the previous findings of G1/S arrest (Chen et al., 2001) . Again, our FACS analyses show no evidence of apoptosis (Chen et al., 2001) . To confirm these findings, we performed two additional assays for apoptosis by looking for morphological changes in induced cells with Hoechst nuclear stain and by detection of a ladder pattern on genomic DNA gel electrophoresis. Figure 4a is a representative of our results with Hoechst nuclear staining. In RKO-EcR-KLF4 cells treated with Ponasterone A to induce KLF4, we see no evidence of nuclear condensation, chromatin fragmentation, apoptotic bodies, or plasma membrane disruption. In contrast, RKO-EcR-KLF4 cells treated with 5-FU, a known proapoptotic agent (Rigas et al., 2002) , exhibit these morphological changes. Figure 4b shows results of electrophoresis of genomic DNA from RKO-EcR and RKO-EcR-KLF4 cells treated with Ponasterone A, ethanol, or 5-FU. Genomic DNA from cells treated with 5-FU form a ladder, a finding associated with apoptosis. In contrast, KLF4 induction with Ponasterone A and negative controls do not show evidence of a DNA ladder. These results show that KLF4 does not induce apoptosis.
In summary, our data show that within the context of colon cancer, overexpression of KLF4 inhibits colony formation, migration, invasion, and in vivo tumorigene- With 5-FU treatment, the typical ladder pattern, often associated with apoptosis, is seen. Genomic DNA was obtained from 2.0 Â 10 6 RKO-EcR and RKOEcR-KLF4 cells treated with 5 mm Ponasterone A, equal volume ethanol, or 50 mg/ml 5-FU for 3 days using the Apoptotic DNA Ladder Kit (Roche, Basel, Switzerland). DNA was extracted from both floating and adherent cells. DNA was visualized in a 2.0% agarose gel with 0.1 mg/ml ethidium bromide. Similar results were obtained in cells treated with 5 or 10 mm Ponasterone A; thus only results with 5 mm treatments are shown city. Moreover, these antiproliferative effects are mediated by cell cycle control rather than apoptosis. Our system, using RKO colon cancer cells that do not express native KLF4, provides a background in which the function of KLF4 can be tested. The decrease in KLF4 in RKO cells is proposed to be secondary to mutated CDX2 and interrupted transcription of the KLF4 gene ; thus the KLF4 transcription machinery is likely intact and functional. Our conclusion that KLF4 overexpression inhibits tumorigenecity in colon cancer is further supported by recent results showing that overexpression of KLF4 also induces G1/S arrest in HCT116 colon cancer cells, which express native KLF4 (Yoon et al., 2003) . The antitumor effects of KLF4 in RKO cells require the full-length protein, which is consistent with previous results in other cell types, showing that full-length KLF4 is required for transactivation and colony suppression Dang et al., 2002) . Finally, we find no evidence that KLF4 induces apoptosis in RKO cells. While previous reports have suggested that KLF4 induces apoptosis in HT29 colon cancer cells, we note that this was within the context of interferongamma treatment (Chen et al., 2000) . It is unlikely that the lack of apoptosis is due to insufficient doses of Ponasterone A and the degree of KLF4 induction as experiments with higher doses reveal no difference in our assays.
Of note, we find that in our inducible system, the population of stably transfected cells as followed by EGFP decreases over time. This is likely secondary to growth arrest of cells overexpressing KLF4 and selective growth of a subpopulation of untransfected cells. In vitro, this is reflected by diminished growth suppression after prolonged periods of KLF4 induction. However, in vivo growth suppression remains sustained, actually becoming more marked with time. This observation suggests that KLF4 overexpression may also affect the tumor microenvironment in addition to epithelial cell growth in vivo, and would be consistent with previous reports of KLF4 localization and function in smooth muscle and vascular endothelial cells (Yet et al., 1998; Adam et al., 2000; Nickenig et al., 2002) . Thus, again, context appears to contribute to KLF4 function. Additional studies are underway to further define the role of KLF4 in in vivo tumorigenesis.
